Background: Cisplatin (CDDP) is the most frequently used chemotherapeutic agent for various types of advanced cancer, including gastric cancer. However, almost all cancer cells acquire resistance against CDDP, and this phenomenon adversely affects prognosis. Thus, new chemotherapeutic agents that can overcome the CDDP-resistant cancer cells will improve the survival of advanced cancer patients. 
Background
Cancer is a leading cause of death worldwide, and according to the WHO mortality database (as at November 2006), gastric cancer is the second leading cause of cancer death after lung cancer.
Cisplatin (CDDP) is the most frequently used chemotherapeutic agent for various types of advanced cancer and is used in combination regimens. Some CDDPbased combination chemotherapy regimens have also shown high response rates [1] . Based on recent Japanese phase III trials for metastatic gastric cancer, S1 plus cisplatin combination chemotherapy was established as the standard first-line chemotherapy [2] .
However, CDDP-based combination chemotherapy regimens have several disadvantages, including side effects such as nephrotoxicity, neurotoxicity, ototoxicity and vomiting. In addition, some tumors acquire resistance to CDDP, reducing its efficacy [3, 4] . Several mechanisms are involved in CDDP resistance [5] . Such mechanisms include decreased intracellular drug accumulation and/or increased drug efflux [6] [7] [8] [9] , drug inactivation by increased levels of cellular thiols [6, 10] , increased nucleotide excision-repair activity [9, 11] and evasion of apoptosis [6, 12] . Thus, for continued progress in cancer therapy, more effective drugs must be found.
Cancer cells take in higher levels of glucose than normal cells, a phenomenon known as the Warburg effect [13] . To achieve lower undesired toxicity, enhanced solubility and tumor selectivity, we have developed and have reported several glycoconjugated drugs [14, 15] . Another strategy to design new antitumor agents related to CDDP is to change the nature of the central metal ion [16, 17] . As palladium (Pd) chemistry is similar to that of platinum (Pt), Pd complexes (II) are expected to exhibit antitumor activities similar to those of Pt. Attempts have been made to synthesize Pd (II) complexes with such activities, as Pd complexes are expected to have less kidney toxicity than Pt complexes [18] .
In this study, we synthesized a new glycoconjugated Pt (II) complex and a new glycoconjugated Pd (II) complex, and analyzed its cytotoxicity, ability to induce apoptosis, and ability to induce DNA double-strand breaks in CDDP-sensitive and CDDP-resistant gastric cancer cell lines in vitro and in vivo.
Methods

Drugs
Reagents and solvents used in this study were commercial products of the highest available purity. The Pt (II) and Pd (II) complexes were easily prepared using the one-pot reaction of Pt (II) or Pd (II) salt, amino sugar and pyridine aldehyde derivative without isolation of a Schiff base ligand (L) as follows.
[ 
Cell culture
The human gastric cancer cell lines MKN28 (Japanese Cancer Research Resources Bank, No. 0253) and MKN45 (Japanese Cancer Research Bank, No. 0254) were cultured in RPMI1640 (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) and 1% ampicillin and streptomycin. Cells were cultured under an atmosphere of 5% CO 2 at 37°C.
Establishment of CDDP-resistant sublines from MKN28 and MKN45
CDDP-resistant MKN28 (MKN28 (CDDP)) and CDDPresistant MKN45 (MKN45 (CDDP)) were established by continuous exposure to CDDP starting at 0.5 μmol/L and increasing in a stepwise manner to 10 μmol/L for more than 5 months. Experiments with these sublines were performed after maintenance in CDDP-free medium for 2-3 weeks.
RT2 Profiler PCR arrays for human cancer drug resistance & metabolism
Total RNA (1 μg) from MKN45 (0) or MKN45 (CDDP) was converted to cDNA and used to screen inflammatory cytokines and receptors using quantitative real-time PCR arrays according to the manufacturer's instructions (SuperArray Bioscience). Reactions were cycled in an ABI Prism 7500 FAST sequence detector (Applied Biosystems) and acquired data were analyzed using the DDCt method to determine the expression levels of each transcript normalized against the expression level of housekeeping gene controls. A gene-wise, two-sample t-test was performed for each transcript to identify statistical differences in expression between MKN45 (0) or MKN45 (CDDP).
In vitro treatment
Cell viability was determined by WST-8 cell proliferation assay. Gastric cancer cells were seeded into 96-well culture plates at 5 × 10 3 cells/100 μL/well and incubated overnight. Cells were treated for 48 h with graded concentrations of 
Assessment of apoptosis
Apoptosis was assessed by analysis of activation of caspase-3 and caspase-7 using the substrate DEVDaminoluciferin from the Caspase-Glo 3/7 Assay kit (Promega) according to the manufacturer's instructions. Briefly, gastric cancer cells (10 4 per well) were plated on a 96-well culture plate with three replicates per treatment. After 24 h of plating, cells were treated for 72 h with graded concentrations of
Caspase-Glo reagent was added to each well and incubated for 1 h, and luminescence was measured using a LUMAT LB 9507 luminometer (Berthold Technologies). Results were analyzed by Welch's t-test between MKN45 (0) and MKN45 (CDDP).
Assessment of DNA double-strand breaks
Cells were washed with PBS (−) and subsequently dissolved in 1 cell lysis buffer (Cell Signaling Technology) containing 20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L h-glycerophosphate, 1 mmol/L Na3VO4, and 1 Ag/mL leupeptin with the addition of 1 mmol/L phenylmethylsulfonyl fluoride. After disruption in an ice bath using a Bio-ruptor sonicator (Cosmo Bio) for 15 s, lysates were centrifuged at 15,000 rpm for 10 min at 4°C. Each sample was normalized as equal protein concentrations using a protein assay kit (Bio-Rad Laboratories). An equal quantity of 2 SDS-PAGE sample buffer [0.5 mol/L Tris-HCl (pH 7.2), 1% SDS, 100 mmol/L β-mercaptoethanol, and 0.01% bromophenol blue] was added to each sample, followed by boiling for 5 min at 100°C. Aliquots of sample were fractioned on 8% to 15% SDS-PAGE and were then electroblotted onto nitrocellulose membrane. The membrane was blocked with 5% skimmed milk in PBS (−) for 1 h at room temperature. The membrane was incubated with primary antibodies, anti-γH2AX (Bethyl Laboratories, Inc., 1:2000), overnight at 4°C and was then washed with 0.05% Tween 20 in PBS (−) three times at 5-min intervals. The membrane was incubated with secondary antibody for 1 h at room temperature followed by three washes with 0.05% Tween 20 in PBS (−) three times at 5-min intervals. The membrane was treated with enhanced chemiluminescence detection reagents (Amersham) for 1 min at room temperature and exposed to scientific imaging films (Eastman Kodak), and proteins were visualized as bands. Filters were stripped and re-probed with monoclonal β-actin antibody (Abcam plc) as an internal control.
Animals and tumor models
Pathogen-free female nude mice (BALB/c Slc-nu/nu) aged 4 weeks and weighing 20-25 g were obtained from Japan SLC (Kyoto, Japan). Animals were allowed to acclimatize for 2 weeks in the animal facility before any interventions were initiated. Xenograft tumor models were established by subcutaneously implanting 3 × 10 6 gastric cancer cells (MKN45 (0), MKN45 (CDDP)) in 200 μL of PBS. Experimental procedures were approved by the Nagoya City University Center for Experimental Animal Science, and mice were raised in accordance with the guideline of the Nagoya City University Center for Animal Experiments. 
In vivo treatment
Statistical analysis
Descriptive statistics and simple analyses were carried out using the statistical package R version 2.4.1 (www. r-project.org/). Apoptosis induction was analyzed by Welch's t-test. Antitumor effects were analyzed by the Bonferroni-Holm method. P-values of <0.05 were considered to be statistically significant. 
Results
Crystal
Genes up-regulated in CDDP-resistant gastric cancer sublines
The 20-fold changes in gene expression for MKN45 (0) and MKN45 (CDDP) are presented in Table 1 . Among 84 genes related to human cancer drug resistance and metabolism, 8 genes were significantly altered with fold changes larger than 20. Genes that were up-regulated by greater than 20-fold were ABCB1, APC, ATM, BRCA2 and CDKN2A, whereas down-regulated genes were CYP2B6, CYP2C19 and PPARγ. (Figure 3) . None of the therapies had any obvious side effects, such as diarrhea or weight loss (data not shown).
Discussion
[PtCl 2 (L)] and [PdCl 2 (L)] were developed as antitumor drugs with sugar conjugated ligands, and were expected to have a number of advantages, including significant reductions in side effects, improved water solubility, and greater cellular uptake. These complexes were very easily prepared in good yields by one-pot reaction of Pt or Pd salts, amino sugar and pyridine aldehyde derivative without isolation of Schiff base ligand, and were characterized by X-ray crystallography and 1 H-and 13 C-NMR spectra. One-pot reaction is a strategy to improve the efficiency of a chemical reaction whereby a reactant is subjected to successive chemical reactions. This saves time and resources by avoiding lengthy separation processes and purification of the intermediate chemical compounds while increasing chemical yield.
In this report, we found that gastric cancer cell lines adapted to growth in the presence of 10 μmol/L CDDP (MKN45 (CDDP)) showed enhanced ABCB1 and CDKN2A expression as compared with their CDDPsensitive parental cell lines (MKN45 (0)) ( Table 1) . Prolongation of the cell cycle at the G1-S transition allows for DNA repair to occur. It is therefore unsurprising that growth arrest mediated by CDKN2A is able to enhance resistance to drugs whose mechanism of action is dependent on DNA damage, such as CDDP [20] . ABCB1 is the most extensively studied ABC transporter [21] . The expression of P-glycoprotein ABCB1 is implicated in multidrug resistance (MDR). MDR proteins confer drug resistance by reducing intracellular drug accumulation due to active efflux of drugs [22, 23] . The CDDP-resistant cell line (MKN45 (CDDP)) was useful for studying the resistance mechanisms of CDDP and for studying the effects of other anticancer drugs for gastric cancer under CDDP resistance.
Many experiments have been performed in order to develop new anti-cancer drugs that show preferential accumulation within the target tumor tissue for various active targeting approaches, such as liposomes [24] , polymer microspheres [25] [26] [27] and nanoparticles [28] [29] [30] [31] . Our results indicate that the glucose-linked anticancer drug is a useful drug delivery system for accumulation in the target tumor.
In order to circumvent CDDP resistance, significant amounts of work have been devoted to preparing anticancer complexes, including amine Pt complexes [32, 33] , diamine Pt complexes [34, 35] , trans-Pt complexes [36] [37] [38] , multinuclear Pt complexes [39] [40] [41] and Pt (IV) coordination complexes [42] [43] [44] . Progress in the field of anticancer chemistry of Pd-based transition metal complexes has been reviewed [45] . [PdCl 2 (L)] and L-OHP overcame cross-resistance to CDDP, although [PdCl 2 (L)] showed a lower degree of cross-resistance than L-OHP ( Table 2 ). The cytotoxicity of L-OHP in CDDP-resistant cell lines has been considered to be due to the differences of DNA damage and/or recognition processes between CDDP and L-OHP [46] . The DNA damage caused by Pd (II) compounds is reportedly processed in a different manner from that induced by Pt (II) complexes [47] . In the CDDP-resistant subline (MKN45 (CDDP)), [PdCl 2 (L)] showed significantly higher antitumor effects in vitro (Table 2) (Figure 2A ). These results indicate that the resistance mechanism of Pd (II) complexes might be different from those of Pt (II) complexes.
Phosphorylation of histone H2AX (γH2AX) has been used as an indicator of exposure to a variety of DNAdamaging agents such as ionizing radiation [48] , gemcitabine [49] , topotecan [50] , etoposide, bleomycin, and doxorubicin [51] . The stimulus for γH2AX formation after CDDP treatment is replication fork collapse and subsequent double-strand break formation at sites of inter-strand cross-links [52, 53] immediately after formation of double-strand breaks [52, 54] . The present results revealed that [PdCl 2 (L)] induced DNA double-strand breaks in CDDP-resistant gastric cancer cells in which CDDP could not induce DNA double-strand breaks ( Figure 2B ). 
Conclusion
